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S17MMARY 


Equilibrium  adsorption  isotherms  were  determined  experimentally  at 
several  temperatures  using  the  agents  GB,  GA,  and  GF,  the  simulent 
DNMP  ana  also  carbon  ' etrachloride  and  benzene.  The  adsorbents  used 
were  Pittsburgh  At  tivated  Carbon  Co.  'type  BPb  and  a  "super  activated" 
Barnebey-Cheney  coconut  shell  carbon.  Efforts  to  predict  adsorption 
isotherms  for  the  agents  based  upon  the  adsorptive  behavior  of  the 
simuients  and  using  the  relationship  In  W  -  In  Wo  -  B/82  (T  log  Po/P)2 
after  Dubinin  et  al. ,  were  not  successful.  This  was  because  plots 
of  the  experimental  data  as  In  W  vs.  (T/8  log  Po/P ) 2  were  not  linear 
as  implied  by  the  equation.  Despite  this  reasonably  good  isotherm 
predictions  were  obtained  by  assuming  that  the  resultant  curves  were 
characteristic  of  the  particular  adsorbent  and  by  working  directly 
from  such  plots.  Values  of  the  term  8  which  represents  the  strength 
of  the  adsorptive  interaction  of  a  particular  adsorbate  relative  to 
that  of  a  reference  adsorbate  were  determined  experimentally'.  This 
was  done  by  adjusting  the  value  until  the  best  fits  were  obtained 
between  the  predicted  isotherms  and  the  experimental  data  for  the 
Pittsburg  carbon.  The  same  values  were  found  to  produce  reasonably 
good  fits  for  the  "s  per  activated"  carbon.  Values  of  6  calculated 
from  the  ratios  of  molar  parachors  did  not  lead  to  acceptable 
isotherm  predictions  in  the  cases  studied. 

The  present  work  indicates  that  the  adsorption  properties  of  a 
carbon  can  be  characterized  by  a  plot  of  In  W  vs_.  (T  log  Po/P)2 
using  adsorption  data  for  a  reference  adsorbate.  The  adsorptivity 
of  another  adsorbate  relative  to  that  of  the  reference  material 
should  be  determined  experimentally.  Such  relative  adsorptivities 
are  expected  to  be  independent  of  the  adsorbate  for  most  carbons. 

The  physical  and  adsorptive  properties  of  an  activated  carbon  impreg¬ 
nated  with  siloxane  resins  were  investigated.  Such  impregnation 
caused  a  large  ’oss  in  surface  area  and  adsorptive  capacity  but  did 
not  selectively  increase  the  hydrophobic  properties  of  the  carbon. 
Deposition  of  the  resin  appeared  to  have  t;  ten  place  principally 
in  the  larger  pores  and  resulted  in  the  blockage  of  a  portion  of 
the  mi cropores . 

Flow  adsorption  experiments  were  performed  using  the  Pittsburgh 
'Type  BPL  carbon  and  the  simulent  DMMP.  Predictions  of  the  break¬ 
through  properties  of  this  system  were  attempted  for  a  range  of 
adsorbate/air  concentrations  around  100  pg/1  and  at  linear  velo¬ 
cities  of  flow  of  about  90  cm/sec.  These  predictions  were  based 
upon  the  theoretical  methods  of  Wheeler  and  of  Allen  and  Joyce  and 
neither  was  found  to  yield  accurate  description  of  the  experimental 
breakthrough  curves.  It  is  thought  that  the  results  may  have  been 
adversely  influenced  by'  the  very  high  experimental  flow  rates. 
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SORPTION  PROPERTIES  OF  ACTIVATED  CARBON 


Technical  Discussion 


INTRODUCTION 


This  report  covers  research  efforts  made  in  three  areas  of  study: 

1.  Equilibrium  adsorption  studies  were  made  to  investigate  methods 
of  predicting  the  adsorptive  capacity  of  activated  carbon  for 
CW  agents.  By  such  methods  the  relationship  between  the  capa¬ 
city  of  a  given  carbon,  the  temperature  of  adsorption  and  the 
concentratio:  of  a  given  agent  might  be  calculated  from  physi¬ 
cal  properties  of  the  agent  and  adsorptive  properties  of  the 
carbon  determined  previously  with  nontcxic  simulents. 

2.  Dynamic  adsorption  studies  were  performed  to  test  methods  of 
determining  adsorption  kinetics  parameters  and  predicting  the 
adsorptive  performance  of  packed  carbon  beds .  Such  methods 
would  find  use  in  estimating  the  service  life  of  protective 
devices  under  a  variety  of  service  conditions  and  provide 
insight  into  the  design  of  such  devices. 

3.  The  pJiysicnl  and  adsorptive  properties  of  siloxane  impregnated 
activated  carbons  were  investigated  to  determine  t,he  effects 
of  this  special  tieatment.  By  impregnation  it  was  intended  to 
alter  the  water  adsorption  properties  of  carbon  to  maintain 
capacity  for  CIV  agents  under  wet  conditions. 

Each  cf  the  above  areas  are  discussed  separately  in  the  following 

sections. 


EQUILIBRIUM  ADSORPTION 
A.  Background 

The  most  successful  theory  leading  to  an  analytical  description 
of  equilibrium  vapor  phase  adsorption  on  activated  carbons  is 
that  of  Polanyi  and  Dubinin,  which  in  its  present  stage  of 
development  has  been  called  by  Bering,  Dubinin,  and  Serpinsky 
the  "Theory  of  Volume  Filling  Micropores . "  (l)  According  to 

this  method,  the  volume,  W,  of  condensed  adsorbate  in  the 
micropores  of  an  adsorbent  at  a  pressure  F  is  given  by 

In  W  =  In  W0  -  -4-  (T  log  ^L)2,  [1] 
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where  WQ  ana  B  are  constants  related  to  the  pore  structure  of  the 
adsorbent  and  are  independent  of  the  adsorbate.  Po  is  the  normal 
liquid  vapor  pressure  of  the  adsorbate  at  the  temperature,  T,  of 
adsorption,  p  is  a  constant  which  compares  the  strength  of  the 
adsorptive  interaction  of  the  adsorbate  to  that  of  some  reference 
substance.  It  is  apparent  that  if  one  measures  the  adsorption 
isotherm  of  one  vapor  on  a  particular  carbon,  the  characteristic 
constants  of  this  adsorbent,  Vc  and  B,  may  be  determined  by 
assuming  6-1.  The  equation  then  contains  the  necessary  infor¬ 
mation  to  calculate  the  adsorption  isotherm  of  other  vapors  on 
this  carbon  if  one  knows  the  strength  of  adsorption  relative  to 
that  of  the  adsorbate  for  which  B  was  taken  as  unity.  Since  it 
is  a  premise  of  the  theory  that  the  adsorptive  interaction  arises 
due  to  dispersion  forces  (nonspecific  van  der  Waals '  forces)  the 
relative  strength  of  the  interaction  should  be  given  by  the  rela¬ 
tive  polarizabilities  of  the  adsorbates.  Lacking  specific  infor¬ 
mation  on  polarizabilities,  their  ratios  may  be  approximated  by 
the  ratio  of  molar  volumes,  or  better,  by  the  ratio  of  molar 
volumes  corrected  for  compression  due  +c  intramolecular  frr'es. 

The  latter  is  defined  by  the  ratio  of  parachors.  With  parachor 
data  which  are  determined  from  easily  measured  physical  proper¬ 
ties,  one  can,  if  the  theory  holds  true,  calculate  adsorption 
isotherms  for  any  adsorbate  on  any  carbon  on  which  isotherm 
data  has  been  obtained  for  a  reference  vapor.  7urth.ei-r.ore, 
since  temperature  is  explicit  in  the  equation,  the  temperature 
for  which,  these  calculations  are  made  need  not  be  the  same  as 
that  used  for  the  reference  isotherm. 

In  the  past,  good  results  have  been  obtained  using  this  tr.ecry 
to  correlate  the  adsorption  performance  cf  many  common  vapors. 

The  predictive  value  of  this  theory  has  now  been  tested  fcr 
agents  GB,  GA,  GF,  and  a  simulent,  D Mi?. 

B.  Experimental 

Adsorption:  isotherms  were  measured  on  a  Pittsburgh  Activated 
Carbon  Company  carbon  (PCC)  at  20°,  30°  and  40°C  for  GA,  G3,  GF, 
and  DMMP.  Isotherms  were  also  determined  on  a  Barnebey-Cheney 
carbon  (BC,  additionally  activated  by  Mine  Saf  :y  Appliances 
Research.)  at  2GC,  30°  and  bO°C  for  GE  and  DMMP,  and  at  20°  and 
30"C  for  GA .  These  isotherms  were  measured  over  a  pressure 
range  extending  from  a  little  less  than  the  liquid  vapor 
pressure  to  about  !C~J  torr. 

1.  Apparatus 

The  vacuum  apparatus  which  was  used  for  these  measurements 
is  shown  schematically  in  Figure  1.  It  is  made  up  of  two 
basic  sections,  of  which  one  is  used  for  vapor  handling 
operations  such  as  trap  to  trap  distillation  for  degassing 
adsorbates,  and  the  other  is  used  for  adsorption  measurements. 
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This  second  section  includes  a  McBain  type  adsorption  balance 
and  a  thermistor  manometer  sensor.  The  balance  employs  a 
fused  silica  spring  from  which  the  carbon  Sample  is  suspended 
and  measurement  of  the  mass  of  vapor  adsorbed  is  made  by 
determining  the  extension  of  this  spring  with  a  cathetometer . 
Repeatable  accuracy  of  this  balance  is  judged  to  be  O.iO  mg. 
The  removable  lower  section  of  the  balance  case  is  attached 
to  the  apparatus  by  a  Granville-Phillips  metal  flange  sealed 
with  a  copper  gasket. 

The  thermistor  manometer  which  has  been  described  previously 
(2)  was  designed  in  this  laboratory  and  is  useful  in  a 
pressure  range  of  about.  2  torn  to  1x10“ 5  torr. 

The  adsorption  balance  system  is  connected  to  the  distil¬ 
lation  and  pumping  section  through  an  all  metal  ultra-high 
vacuum  valve  (Granville-Phillips).  Tt  is  an  important 
feature  of  this  apparatus  that  no  vacuum  grease  is  present 
in  the  measurement  section.  The  slow  outgassing  or  organic 
adsorbates  from  grease  would  make  very  low  pressure 
adsorption  measurements  impossible. 

It  was  determined  in  previous  work  in  this  laboratory  (2) 
that  desorption  measurements  gave  the  most  reliable  results 
at  low  pressures  since  the  balance  system  was  automatically 
cleared  of  significant  traces  of  air  or  low  boiling  impuri¬ 
ties  each  time  a  dose  was  desorbed.  As  a  matter  of  safety 
when  using  toxic  agents,  desorption  was  carried  out  by  con¬ 
densing  most  of  the  adsorbate  vapor  into  a  "oryopump."  This 
is  simply  a  removable  glass  tube  which  was  connected  tc  the 
main  vacuum  manifold  through  a  pair  of  large  bore  stopcocks. 

By  immersing  the  tube  in  liquid  nitrogen  the  agents  could  be 
pumped  off  without  contaminating  the  main  vacuum  line  trap. 

2.  Procedures. 

The  experimental  procedures  involved  in  measurements  with 
each  vapor  and  adsorbent  were  practically  identical.  For 
each  adsorbate  the  first  step  was  to  distill  the  vapor  from 
trap  to  trap  under  vacuum  in  order  to  remove  volatile  gases. 
Then,  with  no  carbon  sample  in  the  balance  case  a  small 
amount  of  the  liquid  adsorbate  was  distilled  into  a  U-trap 
between  the  manometer  sensor  bulb  and  the  balance  case .  In 
order  to  calibrate  the  measurements  for  the  particular  vapor, 
the  adsorbate  sample  was  then  brought  to  a  series  of  tempera¬ 
tures  between  about  -75°C  and  20°C  and  the  manometer  indica¬ 
tions  were  recorded  at  each  temperature.  Working  from  the 
best  available  data  on  vapor  pressure  vs.  temperature  a  cali¬ 
bration  curve  was  then  constructed  showing  vapor  pressure  vs. 
manometer  reading,  to  example  of  such  a  calibration  curve  for 
the  agent  GB  is  shown  in  Figure  2.  Here  the  manometer  indi¬ 
cation  in  microamperes  is  plotted  against  GB  vapor  pressure. 
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out  and  a  carbon  sample  was  introduced  into  the  balance  case 
where  it  was  degassed  by  heating  at  350°C  for  about  15  hours 
under  high  vacuum. 

The  sample  was  then  brought  to  a  thermostat  temperature  for 
which  adsorption  data  were  to  be  obtained  and  the  degassed 
adsorbate  vapor  was  admitted  until  the  carbon  was  completely 
saturated.  The  metal  vacuum  valve  was  then  closed  and  after 
equilibrium,  the  pressure  and  amount  adsorbed  were  noted. 
Doses  of  vapor  were  then  desorbed  in  a  stepwise  fashion  and 
the  amount  adsorbed  and  equilibrium  pressure  were  recorded 
at  each  step.  At  lower  pressures  where  there  was  difficulty 
in  removing  the  adsorbate  by  simple  pumping,  the  temperature 
of  the  sample  was  raised  as  high  as  100 °C. 

3.  Experimental  Samples 

The  adsorbents  used  in  this  work  included  the  following: 

(1)  Pittsburgh  Activated  Carbon  Company  Type  BPL  in  12x30 
mesh.  This  sample  was  supplied  by  Edgewood  Arsenal 
from  Lot  6098. 

(2)  Barnebey-Cheney  cocomit  based  carbon  which  had  been 
additionally  activated  to  11*9$  carbon  tetrachloride 
'  alue  by  Mine  Safety  Appliances  Research. 

Chemical  agents  GB,  GA,  and  GF  were  supplied  by  Edgewood 
Arsenal  in  sealed  glass  ampoules.  The  purity  given  for 
■these  materials  was  96.6$,  99.6$,  and  92$,  respectively. 

Since  distillation  in  the  vacuum  apparatus  involved  taking 
a  middle  fraction  of  distillate,  the  final  purity  as  used 
should  have  been  somewhat  higher  but  the  exact  purity  is 
net  known.  The  siraulent  dimethyl  methyl phophonate  (DMMP) 
was  obtained  from  Virginia  Carolina  Chemical  Company  ar.d 
carefully  redistilled  using  a  Podbielniak  column.  The  purity 
was  judged  to  be  above  99.5%. 

One  of  the  reasons  for  using  a  thermistor  manometer  in  this 
work  was  that  the  sensor  is  a  low  temperature  resistance 
device  and  would  therefore  not  cause  decomposition  of  the 
agents.  However  in  the  case  of  GA,  decomposition  appears  to 
have  occurred  for  other  reasons.  We  found  that  it  was  impos¬ 
sible  to  obtain  stead;/'  equilibrium  pressures  at  each  point 
on  the  desorption  isotherms  and  that  instead  the  pressure 
increased  constantly  over  periods  as  long  as  72  hours. 
Experiments  showed  that  this  effect  was  not  due  to  air  leak¬ 
age  and  blank  runs  with  no  carbon  present  indicated  that  the 
decomposition  was  not  catalyzed  by  the  carbon  surface.  How¬ 
ever,  the  rate  of  decomposition  was  quite  low  and  since  the 
volatile  product  was  removed  at  each  desorption  point  we 
Judged  that  there  was  a  fair  chance  of  obtaining  valid 
isotherms . 
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Results  of  Experimental  Measurements  With  Cheiuicul  Agents  and 
Simulents 


In  order  that  the  characteristic  equation  In  W  ~  In  WQ  - 
B/82  (T  log  P0/P)2  succeed  as  a  means  of  predicting  adsorption 
isotherms  there  are  several  conditions  that  must  be  met: 


(a)  The  equation  must  correctly  describe  the  way  in  which  the 
isotherm  is  affected  by  temperature. 

(b)  The  terms  B  and  W0  must  be  constant  and  true  characteristics 
of  the  adsorbent  and  be  independent  cf  the  adsorbate. 

(c)  Tiis  term  6  must  be  a  characteristic  of  the  adsorbate 
independent  of  the  adsorbent. 

(d)  The  porosity  of  carbons  to  which  the  equation  is  applied 
must  be  such  that  most  of  the  adsorption  space  is  in  micro¬ 
pores,  i.e.,  pores  less  than  about  35  K  in  diameter. 

1.  Prediction  of  Temperature  Effects 

The  earlier  theory  of  Polanyi  upon  which  the  above  charac¬ 
teristic  equation  is  based  stated  that  the  free  energy  of 
adsorption  (going  from  hulk  liquid  to  the  adsorbed  phase  at 
a  constant  temperature )  should  he  a  temperature  invariant 
function  of  the  volume  adsorbed.  Therefore  a  plot  of 
W  vs.  AF  =  RT  In  P0/P  should  yield  a  single  line  for  data 
obtained  at  any  temperature.  To  test  this,  DMMP  data  on 
the  PCC  and  BC  carbons  were  plotted  for  temperatures  of  20°, 
30°  and  Eo°C.  Figures  3  and  k  show  that  in  these  cases  the 
temperature  predicting  capabilities  of  the  theory  are  quite 
good.  We  have  also  found  this  to  he  generally  true  with 
the  other  systems  studied. 


Equation  [l]  is  written  in  such  a  form  that  if  the  terms  B, 

8,  and  W0  are  constant,  plots  of  In  W  vs,  (T  log  PD/P)2 
should  he  linear.  Figures  5-8  show  the  results  of  plotting 
these  functions  for  some  experimental  data  and  it  is  easily 
seen  that  linearity  is  not  obtained.  One  generally  expects 
to  find  nonlinearity  for  small  values  of  (T  log  P0/i')2  since 
these  correspond  to  high  relative  pressures  and  to  adsorption 
principally  on  the  part  of  the  outside  of  the  micropore  range. 
However,  in  the  cases  shown,  curvature  exists  throughout  the 
measured  pressure  range.  Although  adsorption  outside  of  the 
micropore  range  does  affect  all  of  the  data  it  .has  generally 
been  found  that  corrections  for  surface  adsorption  do  not 
alter  the  linearity  of  characteristic  curves  at  higher  values 
of  (T  log  Po/P)2.  For  the  carbons  used  in  this  work  it  can 
further  be  stated  that  the  adsorption  space  outside  the 
micropore  range  is  relatively  small. 
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The  validity  of  the  method  as  a  predictive  device  does  not, 
however,  rest  theoretically  on  the  linearity  of  these  plots.  In 
fact  it  can  be  shown  that  the  linearity  requires  a  particular 
type  of  adsorption  energy  distribution  and  there  is  no  reason 
that  this  distribution  would  necessarily  be  a  natural  consequence 
of  the  manufacture  of  activated  carbon.  Therefore  the  rethod 
might  still  he  useful  if  the  assumption  is  made  that  while  there 
may  be  no  unique  value  of  E  for  a  particular  carbon,  the  adsor¬ 
bent  structure  is  accurately  characterized  by  the  whole  curve 
given  by  plotting  In  W  vs_.  (T/8  log  Po/P)2.  Thus,  these  curves 
for  different  vapor  on  the  s^mc  carbon  should  coincide  with  one 
another  provided  that  the  "affinity  coefficient"  B  is  properly 
selected . 

Using  values  of  8  calculated  by  the  ratio  of  the  parachcrs  of 
GA,  GB  and  GF  to  DMMP,  the  combined  adsorption  data  for  all  of 
these  vapors  are  shown  in  Figure  9  for  the  PCC  carbon  and 
figure  10  for  BC  carbon.  It  is  seen  that  the  hulk  of  these  ' 
data  does  not  coincide  with  those  for  BMMP . 

It  must  be  remembered,  however,  that  the  use  of  paraehors  to 
calculate  the  relative  strengths  of  the  adsorptive  interactions 
is  only  an  approximation.  We  therefore  attempted  to  determine 
if  there  was  another  number  which  would  produce  the  desired 
coincidence.  The  result  of  this  is  shewn  in  Figure  II  for  PCC 
carbon  where  it  is  seen  that  adjustments  in  the  values  of  3 
could  produce  a  reasonably  close  match  between  characteristic 
curves.  The  empirical  values  of  S  required  to  produce  coinci¬ 
dence  are  listed  in  Table  I  along  with  the  values  calculated 
from  the  parachor  ratios.  It  should  be  noted  that  the  empirical 
B  for  GB  was  listed  in  earlier  reports  as  1.10  but  that  the 
characteristic  curve  upon  which  this  was  based  was  somewhat  in 
error  so  that  the  value  given  Below  is  core  accurate. 


TABLE  I 

AFFINITY  COEFFICIENTS  CALCULATED  FROM  PAFJVCHORS 
AND  BY  CURVE  MATCHING  WITH  PCC  DATA 


8  from  Paraehors  Empirical  6 

DMMP 
GB 
GA 
GF 


1.00 

1.00 

1.10 

1  .Oil 

1.36 

1  -70 

3 

1.77 

In  order  to  give  a  more  meaningful  picture  of  the  coincidence 
obtained,  isoxherms  were  predicted  for  the  agents  using  the 
DMMP  characteristic  curve  and  the  empirical  values  of  B.  The 
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Characteristic  Plots  for  Adsorbates  on  BC 
inity  Coefficients  Calculated  from  Faraehors 


results  for  GB,  C-F  and  GA  arc  shown  in  Figures  12,  13  and  14, 
respectively,  where  the  lines  represent  the  predicted  isotherms 
and  the  points  show  experimental  data.  These  predictions  are 
seen  to  be  reasonably  good  with  the  exception  of  GA  at  U0°C . 
Problems  with  GA  may  be  related  to  the  decomposition  effects 
noted  above. 

If  the  empirical  values  of  0  are  true  characteristics  of  the 
adsoi'bates,  then  it  should  be  possible  to  use  these  values  to 
obtain  coincidence  between  the  characteristic  curves  of  other 
carbons  and  to  predict  other  isotherms .  The  characteristic 
curves  for  DMMF,  GA  and  GB  on  the  BC  carbon  are  shown  in 
Figure  15.  The  values  of  0  used  are  the  empirical  values  shown 
in  Table  I.  The  resulting  adsorption  isotherms  predicted  from 
the  DMMP  characteristic  curve  are  shown  in  Figure  lo  for  G3  and 
in  Figure  17  for  GA.  It  appears  from  this  that  the  affinity 
coefficients  determined  for  the  agents  from  the  results  of  work 
with  the  PCC  carbon  were  reasonably  successful  in  describing 
the  relative  adsorptivity  of  GB  and  GA  on  the  BC  carbon.  This 
result  is  especially  encouraging  because  of  the  very  large 
differences  in  pore  structure  between  tie  two  carbons. 

Equilibrium  Adsorption  Measurements  With  Other  Adsorbates 

Another  phase  of  the  experimental  program  was  intended  to 
investigate  the  effects  of  adsorbate  properties  such  as  chemical 
type  upon  the  shape  of  characteristic  curves  and  trends  in  the 
affinity  coefficients. 

adsorbates  which  were  to  be  used  were  common  organic  vapors 
having  relatively  well  defined  physical  properties  and  good 
stabilities  .  They  were  also  quite  volatile  relative  to  the 
previously  investigated  agents  and  auxiliary  pressure  measuring 
instruments  were  installed  in  order  to  determine  isotherms  at 
pressures  above  the  range  of  the  thermistor  manometer.  The 
manometer  used  for  this  wras  a  Granville-Phili it s  capacitance 
manometer  which  had  a  differential  pressure  range  of  100  torr . 
Originally  this  instrument  was  calibrated  against  an  accurate 
mercury  U-tube  manometer  and  a  wide  range  McLeod  gauge  so  that 
direct  readings  might  be  made  but  it  ■was  discovered  after  a 
considerable  amount  of  work  had  been  expended  that  the  instru¬ 
ment  would  not  hold  its  calibration  and  that  readings  had  to 
be  made  by  a  null  balance  technique.  Because  of  this  and  other 
experimental  difficulties  the  only  data  in  which  much  confidence 
can  be  placed  are  those  for  carbon  tetrachloride  and  benzene  on 
the  PCC  and  BC  cartons. 

Because  the  original  objectives  could  not  be  realized  with  these 
data,  it  was  decided  to  find  out  how  well  isotherms  for  GB,  GA 
and  GF  and  the  simulent  DMMP  could  be  predicted  using  charac¬ 
teristic  curves  for  carbon  tetrachloride  on  the  PCC  and  BC 
carbons.  Because  of  the  great  differences  in  properties 
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between  CCI4  and  the  G  agents,  CC1 u  is  not  generally  thought  of 
as  a  sinulent.  However  if  there  is  general  validity  to  the  use 
of  the  Dubinin  method,  this  vapor  might  be  suitable  as  far  as 
adsorption  is  concerned  if  the  degree  of  nondispersive  adsorp¬ 
tion  interactions  is  low  in  agent  adsorption.  There  would  be 
some  advantages  in  using  CCI4  as  a  simulent  with  respect  to 
ease  and  accuracy  of  isotherm  measurements.  The  vapor  pressure 
of  the  liquid  is  relatively  high  sc  that  characteristic  curve 
data  corresponding  to  very  low  agent  pressures  could  be 
obtained  without  actually  having  to  measure  these  low  pressures . 
Carbon  tetrachloride  is  also  easily  obtainable  at  high  purity 
and  its  physical  properties  are  well  defined. 


Isotherm  predictions  made  for  the  PCC  carbon  using  the  experi¬ 
mental  characteristic  curve  for  CCI4  (Figure  18)  are  shown  in 
Figures  19  -  22  for  DMMP,  GB,  GA  and  GF,  respectively .  The 
values  of  6  used  were  obtained  by  finding  the  relative  strength 
of  the  interaction  between  OCI4  and  DMMP  by  matching  charac¬ 
teristic  curves  on  the  PCC  carbon  using  CCI4  as  the  reference 
material.  The  resulting  factor  was  then  used  to  multiply  values 
of  6  for  the  other  agents  determined  previously  with  reference 
to  DMMP.  Values  of  6  for  the  CC1*  reference  are  listed  in 
Table  II  along  with  those  values  calculated  from  parachors, 

TABLE  II 

VALUES  OF  8  WITH  REFERENCE  TO  CC14 


Empirical 

From  Parachors 

CC14 

1.00 

1.00 

DMMP 

1.06 

1.20 

G3 

1.10 

1.32 

GA. 

1.80 

1.63 

GF 

1.88 

1.73 

In  Figures  19  -  22,  the  predicted  isotherms  are  shown  as  solid 
lines  and  the  points  represent  experimental  data.  It  is  seen 
that  in  general  the  fits  obtained  are  fairly  good  with  the  major 
deviation  occurring  at  the  higher  pressures  where  the  CCI4 
characteristic  curve  does  not  seem  to  have  the  same  shape  as 
that  for  DMMP.  An  exception  to  this  occurs  with  the  data  for 
GA,  although  these  may  have  been  influenced  by  decomposition. 

Predictions  were  also  made  for  the  BC  carbon  based  upon  CCI4 
data.  Values  of  S  were  independently  determined  by  matching 
the  DMMP  data  with  the  CCI4  characteristic  curves  show  in 
Figure  23  and  ir  this  case  the  6  for  DMMP  was  1.05.  This  value 
was  chosen  to  fit  the  data  in  the  low  pressure  range  and  the 
correspondence  in  other  ranges  might  lock  better  if  a  slightly 
higher  B  had  been  taken.  In  any  case,  it  is  seen  that  there  is 


Ll 


Characteristic  Curve  for  CCIl,  on  PCC 


DMMP  on  PCC  -  High  Pressure  Range 


Fifmr-p  ]9b 


Figure.-  19c 

DMl-IP  or.  POO  -  I,ow  Pressure  Ranf’o 


Pressure 


GB  on  PCC  -  High  Pressure  Range 


Pressure 


oi/in.’ji  ojn: 


Pressure 


-  Low  Pressure  Iwinp.o 


1 

. 

J- 

cj 

c3 

o 

r — *■! 

4-> 

..  > 

o 

• 

c 

rj 

'Cl 

T? 

C3 

tlO 

on 

x 

E 

00 

1 — 1 

i — 1 

p 

E 

a; 

•M 

cd 

Ctf 

a; 

f 

p 

P 

CJ 

r~* 

p 

p 

c 

P 

p 

P 

0 

d‘ 

Q; 

rf 

0 

CO 

P 

E 

E 

C/J 

•/-I 

d 

■H 

•H • 

(fi 

> 

P 

P 

c 

w 

CJ 

C 

T? 

c  • 

G; 

P. 

PH 

•|-< 

0; 

•H  E 

O' 

X 

X 

p 

rH  P 

cl 

U' 

o 

g; 

CJ 

.r- 

p  £ 

p 

O 

o 

T3 

OJ 

OJ 

o 

o 

r— * 

c 

PH  O 

Cm 

o 

o 

c 

p 

P.  CO 

O 

ro 

W 

p.  — 

iX 

’res  sure 


rocs  u  re 


a  favorable  comparison  between  the  values  of  P  for  DMMP  r-.s 
determined  from  CCii.  data  on  each  of  the  carbons.  Predicted 
isotherms  are  shown  with  the  experimental  datum  points  in 
Figures  i'T  —  2 6.  B  values  for  GB  and  C/l  were  calculated  to  be 
the  same  as  those  shown  in  Table  IT.  It  is  seen  that  except 
for  GB,  the  predictions  are  not  as  good  as  for  the  FCC  carbon 
although  differences  between  the  predicted  and  measured 
amounts  adsorbed  for  the  agents  are  generally  less  than  about 
io2. 


Attempts  made  to  predict  benzene  isotherms  from  CCI4  data  were 
not  very  successful  as  seen  in  Figures  27  and  28  for  the  FCC 
and  BC  carbons.  While  the  shapes  of  the  predicted  isotherms 
for  the  other  adsorbates  studied  were  the  same  as  the  actual 
data  and  correspondence  could  therefore  be  achieved  by  proper 
selection  of  6.  the  shape  of  the  actual  benzene  isotherm 
appears  to  be  considerably  different  than  that  predicted  from 
CCI4  data.  The  reason  for  this  difference  is  not  known 
although  the  benzene  isotherm  has  the  appearance  of  isotherms 
which  exhibit  hysteresis  due  to  capillary  condensation.  From 
this  it  does  not  appear  that  benzene  would  make  a  suitable 
simulent  for  the  adsorption  of  G  agents. 

E.  Summary  of  Results  of  Equilibrium  Adsorption  Experiments 


The  agent  adsorption  isotherms  which  were  measured  experi¬ 
mentally  could  be  predicted  with  fair  accuracy  by  using  the 
entire  characteristic  curve  of  a  simulent  to  define  the 
adsorptive  properties  of  the  adsorbent  and  by  using  an  exper¬ 
imentally  determined  factor  to  define  the  relative  interaction 
strength  of  the  adsorbate.  At  present  it  dees  not  seem  possi¬ 
ble  to  calculate  accurate  values  of  B  from  physical  properties 
of  the  agents.  However,  experimental  measurement  would  no 
doubt  be  too  difficult.  The  term  6  can  be  determined  for  a 
particular  vapor  under  test  by  rinsing  the  amount  adsorbed  at 
a  single  pressure.  Comparing  this  pressure  to  that  of  the 
reference  vapor  at  the  same  volume  adsorbed  in  the  following 
manner  yields  6: 


B 


(T  log  Po/P)test 
(T  log  Po /Preference  v 


[2] 


Because  the  experimentally  determined  characteristic  curves 
were  not  linear,  the  characteristics  3  and  W0  which  define  the 
nature  of  the  adsorbent  had  no  meaning  in  this  work.  However, 
where  non-linearity  occurs  it  appears  possible  to  work  directly 
from  plots  of  In  W  vs_,  (T/B  log  Po/P)2  in  constructing  predicted 
isotherms . 
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III.  PHYSICAL  AND  ADSORPTIVE  PROPERTIES  OF  IMPREGNATED  CARBONS 

Samples  of  the  PCC  carbon  which  had  been  impregnated  with  siloxane 
polymer’  to  alter  its  water  adsorption  properties  were  characterized 
by  the  following  methods: 

1.  Carbon  tetrachloride  activity 

2.  Surface  area  and  pore  size  distributions  by  nitrogen 
adsorption 

3.  Pore-size  distributions  by  mercury  penetration 
It.  V/ater  adsorption  and  desorption  isotherms. 

The  samples  investigated  included  "Sample  9"  impregnated  with 
0.133  gm  methyl  trichlorosiloxane  per  gran  carbon,  and  "Sample  11" 
containing  about  0.17  gm  of  a  2:1  weight  ratio  mixture  of  dimethyl 
dichlorosiloxane  and  methyl  trichlorosiloxane.  These  samples,  which 
were  prepared  by  Mr.  A.  C.  Oglesby  at  Edgewood  Arsenal  are  compared 
with  the  unimpregnated  50x150  mesh  base  material. 

■  A.  Effect  on  Activity 

The  effect  of  impregnation  on  two  of  the  standard  measures  of 
activity,  carbon  tetrachloride  value  and  surface  area  are  shown 
in  Table  III. 


TABLE  III 

EFFECT  OF  IMPREGNATION  ON  ACTIVITY 


CC14  Activity  (%) 

BET  Surface  Area 

Control 

63 

1058 

Sample  9 

38 

651 

Sample  11 

U2 

U99 

(rc2/gm) 


From  this  it  is  seen  that  impregnation  produced  a  considerable 
loss  in  adsorbent  activity. 

B.  Porosity  Measurements 

In  an  effort  to  determine  how  the  resins  were  distributed 
within  the  carbon  pore  structure,  pore  volume  measurements  were 
made  both  by  nitrogen  adsorption  and  by  mercury  intrusion.  The 
results  were  not  conclusive  but  it  is  suspected  that  most  of 
the  resin  is  contained  in  the  macropores  and  larger  transitional 
pores  which  are  not  specifically  involved  in  the  adsorption 
vapors.  The  observed  lo3S  in  surface  area  is  thought  to  be 
largely  due  to  blockage  of  the  micropores . 
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An  analysis  of  trie  mercury  pores imeter  data  was  made  in  the 
following  way: 

(1)  flic  pore  volumes  in  a  range  of  pore  sizes  from.  60 
to  0.012  micron  was  determined  per  gram  of  resin 
treated  sample. 

(2)  From  similar  porosimeter  data  using  the  untreated 
carton,  the  pore  volume  distributions  for  the  amount 
of  carbon  in  a  gram  of  the  impregnated  sample  was 
calculated. 

(3)  The  differences  between  the  above  items  were  calcu¬ 
lated  and  the  total  difference  compared  with  the 
volume  of  resin  present  in  a  gram  of  the  impregnated 
material . 

Table  IV  shows  these  calculations  for  Sample  9  containing  0.133 
gm  resin/gm  carbon. 

TABLE  IV 


ANALYSIS  OF  MERCURY  POROSIMETER  FOR  SAMPLE  9 


Volume*  in 

Volume*  in 

Pore  Size  Range 

Treated  Sample 

Carbon  Alone 

Difference 

(microns ) 

( co ) 

(cc) 

( cc) 

0.012 

0.02k 

0.030 

+  0.006 

.020 

.057 

.070 

.013 

.100 

.029 

.029 

.00c 

.200 

.100 

•  13U 

.03^ 

1.00 

.  0L2 

.01*9 

.  OCT 

k.00 

.021 

.028 

.007 

10.00 

.036 

.Otl 

.005 

20.00 

1  70 
•  J-  1  J 

.3  07 

-  .066 

to. 00 

.213 

.267 

.0I9 

60.00  up 

.253 

.265 

.012 

.067  TOTAL 

^Volume  between  stated  size  and  next  higher  size. 

The  total  difference  of  0.067  cc  obtained  in  this  way  is  at 
least  similar  to  0.078  cc,  the  volume  of  resin  in  the  sample 
assuming  a  resin  density  of  1.50  gm/cc. 

When  the  same  kind  of  analysis  was  attempted  for  Sample  11, 
however,  it  was  found  that  in  each  pore  size  range  the  treated 
sample  had  more  volume  than  the  predicted  amount  of  carbon  in 
the  sample  based  upon  a  17%  loading.  These  are  some  possible 
reasons  for  this: 


/  1  \ 
V  1  / 

(2) 

(3) 


'III e  porojiiiir ter  data  Cuiiiiot  be  trusts'll 
Surface  coating  outside  the  pore-size  range  investi¬ 
gated  might  have  resulted  in  partial  blockage  of  very 
large  pores  which  would  then  have  been  observed  as 
simile r  pores  within  the  instrument  range. 

The  amount  of  resin  present  was  less  than  17$ •  In 
order  to  account  for  the  error  the  resin  loading  here 
would  have  had  to  be  less  than  on  Sample  9- 


It  is  suspected  that  each  of  these  is  true  to  some  extent. 


An  analysis  was  also  made  of  pore-size  distributions  obtained 
from  nitrogen  adsorption  data  by  the  method  of  Roberts  .  (3)  In 
this  case  the  volumes  in  a  series  of  pore  radius  ranges  from 
1000  X  to  10  X  were  compared  as  ratios  on  the  basis  of  equal 
activated  carbon  content.  It  was  found  that  in  each  range  below 
about  500  X  the  ratio  of  the  volume  of  the  treated  sample  to 
that  in  the  untreated  carbon  was  roughly  constant.  This  was 
true  for  both  impregnated  samples  and  indicates  that  nitrogen 
was  denied  access  to  a  fraction  of  the  smaller  pores  because  of 
blockage  in  the  larger  pores  to  which  they  were  connected. 


A  clear  case  for  pore  blockage  can  also  be  seen  by  comparing  the 
volumes  of  nitrogen  adsorbed  near  saturation  for  the  treated  and 
untreated  samples .  Table  V  shews  the  volumes  obtained  for 
Samples  9  and  11,  the  volume  in  the  same  amount  of  untreated 
carbon  as  contained  in  these  samples ,  and  the  volume  of  resin 
actually  present.  The  resin  volume  considerably  less  than 
the  loss  in  pore  volume  due  to  impregnation. 

TABLE  V 


NITROGEN  VOLUMES  NEAR  SATURATION 


Sample 

Measured 

Volume 

Carbon 

Volume 

Difference 

Resin 

Volume 

9 

0.361 

0.52U 

0.163 

0,078 

11 

.281 

.508 

.227 

.097 

C.  ’water  Adsorption 

The  interaction  between  water  molecules  and  a  pure  carbon 
surface  is  relatively  weak  at  normal  temperatures.  However, 
activated  carbon  always  contains  chemical  groups  which  are 
polar  or  able  to  form  hydrogen  bonds  with  water  and  thus  inter¬ 
act  much  more  strongly  than  pure  caruon.  Water  adsorption  may 
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therefore  be  viewed  as  an  initial  adsorption  on  specific  sites 
followed  by  intramolecular  interactions  between  water  molecules 
to  form  clusters-  With  increasing  pressure,  these  clusters 
grow  and  finally  merge  to  coat  capillary  walls  continuously. 
Capillary  condensation  effects  are  then  observed  since  the  con¬ 
tact  angle  between  liquid  water  ani  the  water  coated  walls  is 
zero. 

An  indication  of  the  extent  of  surface  coverage  by  hydrophilic 
sites  may  be  obtained  by  observing  the  amount  of  water  adsorbed 
at  a  relative  pressure  of  0.50.  (h)  From  the  adsorption/ 

desorption  isotherms  shown  in  Figure  29  for  Sample  9>  Figure  30 
for  Sample  11  and  Figure  31  for  the  untreated  control  sample, 
it  can  be  seen  that  impregnation  had  little  effect  on  the  amount 
adsorbed  at  P/PQ  -  0.50,  and  in  fact  produced  a  slight  increase 
in  Sample  9-  The  overall  reduction  in  the  amount  adsorbed  at 
saturation  is  due  to  a  reduction  in  available  pore  volume. 

It  must  be  pointed  out  that  while  siloxanes  will  react  with 
hydroxyl  groups  which  would  indeed  be  hydrophilic  sites,  other 
oxygen  complex  groups  which  do  not  react  with  siloxar.e  also  act 
as  nucleation  centers  for  water  adsorption.  There  are  other 
chemical  methods  of  inhibiting  water  vapor  adsorption  which 
offer  more  promise  than  resin  impregnation  although  such  treat¬ 
ment  might  have  value  in  surface  coating  of  granui.es  to  prevent 
drenching  by  bulk  water. 

IV.  DYNAMIC  ADSORPTION  STUDIES 

Efforts  were  made  to  test  experimentally  two  methods  which  have 

appeared  in  the  literature  which  are  designed  to  predict  the  break¬ 
through  of  adsorbates  from  packed  bede. 

A .  Apparatus 

The  apparatus  used  in  this  work  has  been  fully  described 
previously  (5)  but  its  basic  elements  are  shown  in  Figure  32. 
High  quality  air  was  obtained  by  passage  through  mechanical  and 
molecular  sieve  dryers,  a  carbon  bed,  and  a  particulate  filter. 
The  main  air  flow  was  metered  into  the  system  through  rotameter 
1.  DMMP  vapor  was  produced  by  bubbling  air  through  the  liquid 
held  at  20°C  and  then  passing  this  over  a  saturated  aludnum 
wick  held  at  the  same  temperature.  The  air/DMMP  mixture,  held 
at  2.5  psig  by  a  controller,  was  admitted  to  the  column  section 
through  rotameter  3.  After  passing  through  the  bed  most  of  the 
gas  escaped  through  a  low  pressure  regulator  valve  but  a  small 
amount  was  admitted  to  a  gas  sampling  valve  through  rotameter 
I4.  By  means  of  this  valve,  samples  of  the  effluent  mixture 
were  injected  into  the  chromatograph  for  analysis.  The 
chromatograph  used  a  flame  ionization  detector. 
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Figure  29 

H20  on  Resin  Impregnated  Sample  #  9  at  20 °C 


Relative  Pressure  (P/F, 


Relative  Pressure  ( P/P, 


stiver  Pressure  (P/PQ) 


B.  Experimental  Procedure 

A  column  2.00  cm.  in  diameter  was  packed  with  30x35  mesh  PCC 
carbon.  The  top  of  the  bed,  which  tended  to  be  a  little 
rounded  because  cf  vibration  during  packing,  was  leveled  by 
gently  tapping  with  a  metal  disk,  and  the  length  of  the  bed 
was  measured  using  a  cathetometer .  This  particular  mesh  size 
was  used  to  maintain  a  30:1  column  diameter  to  partial  size 
ratio  in  order  to  minimize  velocity  gradients  near  the  column 
wall.  (6)  Pretreatment  of  the  carbon  involved  outgassing  at 
35°C  under  1  x  10-s  torr  vacuum  and  storage  in  a  partially 
evacuated  dessicator. 

With  the  packed  column  in  place  in  the  apparatus,  air  was 
passed  through  at  the  experimental  flow  rate  and  the  thermostat 
bath  controlling  the  temperature  of  the  influent  gas  preheater 
and  the  column  Jacket  was  adjusted  until  the  effluent  air  was 
at  30.0°C.  The  bed  flow  characteristics  were  then  investigated 
to  determine  the  approximate  transition  velocity  between  flow 
regions.  Pressure  drop  vs.  linear  velocity  plots  are  shown  in 
Figure  33  and  demonstrate  that  the  flow  rates  used  in  the 
present  experiments  are  within  the  turbulent  regime . 

Following  the  above  measurements ,  the  column  was  bypassed  and 
its  presence  in  the  system  simulated  by  a  partially  closed 
stopcock.  All  flows  were  then  established  to  provide  the 
proper  gas  mixture  and  influent  flow  rate,  and  the  temperature 
in  the  vapor  generator  was  allowed  to  equilibrate  for  1/2  to 
3A  hour.  In  the  present  runs  all  of  these  parameters  were 
intended  to  be  identical. 

The  column  was  then  switched  into  the  line  and  the  bypass 
closed  off.  25  cc.  samples  of  the  effluent  were  taken  at 
regular  intervals  by  means  of  a  gas  valve  and  chromatographed 
on  an  18  inch  10$  Tween  80  on  Anakrom  ABS  column  held  at  95°C. 

VciS  i  to  2  ilOu3TS  ucfOic  "tile  cXpC'Cucu. 

in  order  to  establish  baseline  characteristics.  The  limit  of 
detectability  depends  upon  baseline  noise  but  on  the  average 
it  is  about  0.5  Pg/1.  This  assumes  the  concentration  to  be 
proportional  to  peak  height  and  the  response  directly 
proportional  to  the  response  at  8  ug/1. 

After  Initial  breakthrough,  samples  were  taken  at  20-minute 
intervals  until  breakthrough  was  complete.  Sampling  was  then 
continued  up  to  three  hours  longer. 

The  column  was  then  bypassed,  and  the  carbon  removed  and  weighed 
to  determine  the  amount  of  DMMF  adsorbed. 

At  the  end  of  each  experimental  run  the  chromatograph  detector 
sensitivity  was  recalibrated.  This  calibration  was  based  upon 
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FIGURE  33 


i  Flow  Characteristics 
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a  prior  deterna nation  of  the  DMMP  generator  output  ys.  the 
generator  air  flow  rate.  The  relationship  was  established  by 
determining  the  output  over  a  range  of  flow  rates  by  trapping 
the  DMMP  on  a  carbon  bed  and  weighing  the  amount  picked  up. 

Using  this  generator  calibration,  specific  concentrations  could 
be  made  up  by  mixing  the  generator  output  with  pure  air  flowing 
at  an  accurately  known  rate.  When  this  method  was  used  to 
calibrate  the  chromatograph,  response  curves,  such  as  those 
shown  in  Figure  3^,  were  obtained.  It  ear.  he  seen  from  the 
different  observed  sensitivities  wrhy  it  was  necessary  to 
recalibrate  each  time  the  detector  flames  were  relighted. 

Some  features  relevant  to  calculating  concentrations  produced 
in  flow  systems  are  noted  below  for  reference  purposes : 

(1)  The  calibration  of  rotameter  typ>e  flowmeters  is 
dependent  upon  the  particular  pressure  of  gas  in  the 
rotameter  during  calibration.  Assuming  a  rotameter 
has  been  calibrated  at  pressure  Pc  and  a  calibration 
curve  showing  meter  reading  vs.  gas  volume  per  unit 
time  is  at  hand,  the  flow  rate,  V2,  passed  through 
the  meter  at  a  pressure,  P2 ,  can  be  calculated  by 

v2  =  vc  13] 

Vc  is  the  flow  rate  read  from  the  calibration  curve 
at  the  observed  rotameter  reading.  This  flow  rate 
is  usually  in  terms  of  some  standard  conditions , 
e.g.,  1  atmosphere  pressure  and  70CF.  V2  is, 
therefore,  also  a  standard  flow  rate. 

(2)  The  actual  rate  in  the  flow  system  obviously  depends 
upon  the  temperature  and  pressure  in  the  apparatus 

13  40, - 0.1 - -  u. - J - J  T-  - 

cui  vo  ~/u.  ±  ±  v-uii  one  o  vOiiUai  u  xatC  o'V 

application  of  the  gas  laws. 

(3)  T.ne  concentration  produced  by  injecting  a  vapor 
into  a  flow  system  is  given  by  dividing  the  gravi¬ 
metric  flow  rate  of  the  vapor  by  the  actual  flow 
rate  of  the  carrier. 

C.  Systems  Studied 

Experimental  runs  were  made  with  the  PCC  carbon  for  several 
different  bed  lengths  and  influent  concentration  levels  of  DMMP 
in  air.  These  systems  are  summarized  in  Table  VI. 

D.  Results  of  Flow  Adsorption  F.xperiments 

Breakthrough  curves  were  determined  by  the  methods  given  above 
for  the  six  systems  outlined  in  Table  VI. 
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In  order  to  cheek  the  internal  cor.s :  stency  of  these  data,  the 
amount  of  DMNP  which  was  adsorbed  on  each  bed  at  saturation 
was  determined  by  weighing  afte’-  each  run.  It  should  have 
been  possible  to  calculate  thes<‘  amounts  from  the  areas  over 
the  experimental  breakthrough  curves  if  all  of  the  experi¬ 
mental  parameters  were  well  defined  and  accurately  known.  As 
shewn  in  Table  VII,  reasonably  good  results  were  obtained 
with  the  exception  of  run  No.  1. 

We  also  attempted  to  calculate  the  amount  adsorbed  using  the 
Characteristic  equation  [1].  Constants  WQ  and  B  were  di  ter- 
mined  from  earlier  attempts  at  describing  the  character j.stic 
plot  as  a  straight  line.  The  results  were  so  poor  that  a  new 
characteristic  curve  (shown  in  Figure  35)  was  determined  using 
the  flew  system.  A  straight  line  was  drawn  through  this  short 
section  of  data  and  the  B  and  W0  parameters  determined  from  it 
were  used  to  calculate  amounts  adsorbed  in  the  experimental 
breakthrough  runs.  Table  VII  shows  that  the  agreement  was 
very  close. 

It  should  net  be  concluded  from  tnis  that  there  are  real 
differences  in  capacity  between  equilibrium  and  flow  adsorp¬ 
tion  measurements  at  equivalent  ausoroat.e  concentrations. 

Because  the  Characteristic  curve  is  not  really  straight,  the 
assumption  of  linearity  for  all  of  the  equilibrium  data  (shown 
by  the  dotted  line  in  Figure  35)  did  not  give  a  good  fit  to 
the  data  in  the  region  of  interest.  The  remaining  difference 
may  have  been  due  to  real  differences  ir.  capacity  due  to  the 
mesh  size  change,  errors  in  assuming  that  DMMP  gives  an  ideal 
solution  in  air  and  behaves  as  an  ideal  gas  when  computing 
equivalent  pressures  from  concentrations ,  or  to  fluctuations 
in  the  capacities  of  individual  samples. 

Methods  of  Analysis  of  Breakthrough  Data 

Relationships  have  been  sought  which  would  allow  the  predic¬ 
tion  of  breakthrough  curves  from  a  knowledge  of  various  system 
parameters  and  empirically  determined  adsorption  rate  constants. 

One  of  the  methods  tested  was  that  of  Allen  and  Joyce  (7)  in 
which  the  rate  controlling  step  is  assumed  to  be  intraparticle 
diffusion  and  in  which  the  assumption  of  neither  steady  state 
conditions  nor  linear  adsorption  isotherms  is  required.  In 
this  method  the  adsorption  bed  is  taken  to  be  made  up  of  a 
series  of  small  segments  and  the  adsorbate  bearing  gas  is 
mathematically  passed  through  each  of  these  segments  in  turn 
in  small  volume  increments.  The  concentration  of  vapor  enter¬ 
ing  the  first  bed  segment  is  the  influent  concentration.  The 
effluent  concentration  from  this  segment  after  the  first  volume 
increment  has  passed  through  is  calculated  using  the  equation: 


85 


ln  Cin/Ceff 


Tr  K  Q  Ws 


in  y 


[U1 


This  equation  has  only  one  unknown  parameLer,  the  rate  con¬ 
stant,  K.  The  other  symbols  arc  identified  below  under 
"Nomenclature." 


The  effluent  concentration  from  the  first  bed  segment  is  then 
taken  as  tae  influent  to  the  next  segment  and  the  calculation 
repeated  until  the  first  volume  increment  has  been  passed 
through  all  bed  segments.  Further  volume  elements  are  tnen 
passed  through  the  bed  in  the  same  manner  until  the  effluent 
from  last  bed  element  approaches  the  influent  concentration 
to  the  first  element. 

The  rate  constant  for  a  particular  system  is  found  by  using 
trial  values  K  to  generate  trial  breakthrough  curves .  The 
curve  providing  the  best  match  with  the  experimental  data 
serves  to  define  K  for  that  system. 

Using  an  IBM  1130  Computer,  theoretical  breakthrough  curves 
have  been  calculated  for  six  experimental  runs ,  the  conditions 
of  which  are  outlined  in  Table  VI.  The  rate  constant  was 
determined  by  matching  using  the  data  of  Run  2  and  applied  to 
all  other  runs .  A  comparison  between  the  computed  breakthrough 
curves  (solid  lines)  and  the  experimental  data  (points)  is 
shewn  in  Figures  36a  -  UlA. 

The  analysis  of  Wheeler,  which  is  well  described  elsewhere,  (8) 
has  also  been  applied  to  the  experimental  data  obtaineu  in  the 
present  work.  This  method  utilises  a  generalised  adsorption 
equation  in  which  the  kinetic  model  can  be  altered  by  using 
various  forms  of  a  -  function"  which  describes  the  manner  in 
which  the  rate  of  adsorption  is  affected  by  the  accumulation 
of  adsorbate  on  the  bed.  Three  forms  of  the  0  -  function  are 
considered  here. 

♦  (C/C0)  =  1  -  C/C0,  {1  -  C/C0)l/2,  and  (l  -  C/C0)3/2. 

The  corresponding  linearized  breakthrough  equations  are, 
respectively, 
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FIGURE  37 

Breakthrough  Curves  for  DMMP  on  PCC 
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FIGURE  39 
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The  logarithmic  concentration  function  on  the  left  side  of 
each  equation  was  regressed  against  tne  times,  tb»  corre¬ 
sponding  to  effluent  concentrations  C^,  and  least  squares 
estimates  of  the  slope  and  intercept  terms  where  performed 
with  an  IB?-'  1130  Computer.  From  these,  one  can  calculate 
values  for  the  rate  term,  K-^ ,  and  the  capacity,  We . 

Typical  results  of  such  an  analysis,  corresponding  to  Run  2, 
are  shown  in  Figure  b2  for  the  three  cases.  Table  VIII  shows 
the  values  of  the  rate  constant  ar.d  the  bed  capacity  We* 
calculated  by  this  method  for  the  six  experimental  runs.  In 
addition  this  table  gives  the  correlation  coefficients  which 
indicate  the  degree  of  fit  of  the  data  to  a  straight  line  and 
also  lists  the  directly  observed  bed  capacities  for  comparison. 

Case  I,  which  consistently  exhibits  the  highest  correlation 
coefficient,  best  describes  the  present  data.  For  this  case 
breakthrough  curves  have  been  recalculated  using  a  value  of  Kv 
which  is  the  average  of  the  rate  constants  found  for  all  runs 
except  Number  1*.  Comparisons  of  the  calculated  breakthrough 
curves  (solid  lines)  with  the  corresponding  experimental  results 
(points)  are  shown  in  Figures  3&B  -  hUB. 

F.  Discussion  of  Flow  Adsorption  Results 

In  regard  to  comparisons  between  theoretical  breakthrough  curves 
as  computed  by  the  Allen-Joyce  and  the  Wheeler  methods,  they  are 
distinguished  mainly  by  their  similarity.  Although  the  fit  to 
the  experimental  data  predicted  by  the  two  methods  may  vary 
somewhat  for  particular  runs,  the  differences  are  due  almost 
entirely  to  differences  in  their  predictions  of  bed  capacity. 

The  effect  of  this  is  to  produce  shifts  of  the  entire  break¬ 
through  curve  on  the  time  scale.  The  shapes  of  the  curves 
calculated  for  a  particular  run  by  the  two  methods  are  prac¬ 
tically  identical.  It  is  noteworthy  that  this  observation 
persists  as  the  influent  concentration  changes .  Both  methods 
predict  a  broadening  of  the  breakthrough  curve  wj.th  decreasing 
concentration. 

The  fit  of  the  computed  breakthrough  curves  to  experimental 
data  was  found  to  be  generally  poor.  The  reason  for  this  is 
that  the  experimental  breakthrough  curves  gradually  become  less 
sharp  as  the  bed  length  increases .  This  can  be  seen  by  comparing 
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FIGUBE  1+2 

Correlation  of  Breakth rough  Results  v 
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TABLE  VIII 


BREAKTHROUGH  PARAMETERS  FOR  WHEELER  ANALYSIS 


Run 

Tern 

I 

Case 

II 

III 

Observed 

Capacity 

1 

Kv 

1222 

733 

3044 

We 

0.850 

0.870 

0.826 

0.790 

CC 

0.965 

0.927 

0,820 

2 

Kv 

890 

H52 

2605 

We 

0.837 

0.853 

0.824 

0.788 

CC 

0.965 

0.902 

0.912 

3 

Kv 

831+ 

446 

2389 

We 

1.30 

1.33 

1.27 

1.29 

CC 

0.968 

0.962 

0.878 

it 

Kv 

465 

243 

1262 

We 

1.64 

1.66 

1.60 

1.62 

CC 

0.906 

0.879 

0.785 

5 

Kv 

803 

465 

1849 

We 

0.788 

0.810 

0.765 

0.795 

CC 

0.932 

0.912 

0. 8l4 

6 

Kv 

ll6l 

507 

558 

we 

0.573 

0.584 

0.577 

0.567 

CC 

0.965 

0.875 

0.801 
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Runs  6,  2,  3S  and  U  in  the  order  of  increasing  bed  length.  It 
seems  likely  that  the  shapes  of  the  experimental  curves  have  been 
influenced,  by  nxinl  dispersion  of  the  adsorbate  uhicli  was  not 
taken  into  account  in  the  nathematical  models.  Such  dispersion 
would  have  been  strongly  abetted  by  extremely  high  flow  rates  used 
in  thesf  experiments  and  it  is  recommended  that  future  work  be 
performed  at  lower  linear  velocities.  It  should  be  noted,  however, 
that  this  will  significantly  increase  the  duration  of  experiments. 
At  a  concentration  of  about  105  ug/l.  and  90  cm/sec.  velocity, 

12  hours  were  required  for  initial  breakthrough  from  a  3  cm  bed. 

Although  the  amount  of  axial  dispersion  found  in  adsorbent  beds 
is  less  then  that  in  beds  with  an  inert  packing  (9) ,  an  effect 
probably  due  to  the  usual  nonlinearity  of  adsorption  isotherms, 
its  possible  occurrence  should  be  kept  in  mind.  Significant 
dispersion  would  broaden  concentration  profiles  within  the  bed, 
decrease  break  time,  and  decrease  the  adsorption  rate  constant 
as  determined  by  mathematical  models  in  which  it  is  neglected. 


V.  GENERAL  SUMMARY 

Equilibrium  adsorption  isotherms  were  determined  experimentally 
at  several  temperatures  using  the  agents  GB,  GA,  and  GF,  the  simu¬ 
lant  DMMP  and  also  carbon  tetrachloride  and  benzene.  The  adsor¬ 
bents  used  were  Pittsburgh  Activated  Carbon  Co.  Type  BPL  and  a 
"super  activated"  Barnebey- Cheney  coconut  shell  carbon.  Efforts 
to  predict  adsorption  isotherms  for  the  agents  based  upon  the 
adsorptive  behavior  of  the  simulents  and  using  the  relationship 
In  W  =  In  W0  -  B/62  (T  log  Po/P)2  after  Dubinin  et_  al. ,  were  not 
successful.  This  was  because  plots  of  the  experimental  data  as 
In  W  vs .  (T/B  log  Fo/P)2  were  not  linear  as  implied  by  the 

.  D0spi."ts  s  rests  on  sib  ly  good  isctlisrin  prs  diet  ions  vere 
obtained  by  assuming  that  the  resultant  curves  were  characteristic 
of  the  particular  adsorbent  and  by  working  directly  from  such 
plots.  Values  of  the  term  B  which  represents  the  strength  of  the 
adsorptive  interaction  of  a  particular  adsorbate  relative  to  that 
of  a  reference  adsorbate  were  determined  experimentally.  This 
was  done  by  adjusting  the  value  until  the  best  fits  were  obtained 
between  the  predicted  isotherms  and  the  experimental  data  for  the 
Pittsburg  carbon.  The  same  values  were  found  to  produce  reason¬ 
ably  good  fits  for  the  "super  activated"  carbon.  Values  of  B 
calculated  from  the  ratios  of  molar  parachors  did  not  lead  to 
acceptable  isotherm  predictions  in  the  cases  studied. 

The  present  work  indicates  that  the  adsorption  properties  of  a 
carbon  can  be  characterized  by  a  plot  of  In  W  vs .  (T  log  Po/P)2 
using  adsorption  data  for  a  reference  adsorbate.  The  adsorptivity 
of  another  adsorbate  relative  to  that  of  the  reference  material 
should  be  determined  experimentally.  Such  relative  adsorptivi ties 
are  expected  to  be  independent  of  the  adsorbate  for  most  carbons. 
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rtie  physical  and  adsorptive  properties  of  an  activated  carbon 
impregnated  with  a  Hexane  resins  were  investigated.  Such  impreg¬ 
nation  caused  a  large  loss  in  surface  area  and  adsorptive  capacity 
but  did  not  selectively  increase  the  hydrophobic  properties  of  the 
carbon.  Deposition  of  the  resin  appeared  to  have  taken  place 
principally  in  the  larger  pores  and  resulted  in  the  blockage  of  a 
portior  of  the  adcropores. 

Flow  adsorption  experiments  were  performed  using  the  Pittsburgh 
Type  BPL  carbon  and  the  simulent.  DMMP .  Predictions  of  the  break¬ 
through  properties  of  this  system  were  attempted  for  a  range  of 
adsorbate/aiv  concentrations  around  100  ng/1  and  at  linear  velo¬ 
cities  of  flow  cf  about  90  cm/sec.  These  predictions  were  based 
upon  the  theoretical  methods  ol  Wheeler  and  of  Allen  and  Joyce  and 
neither  was  found  to  yield  accurate  description  of  the  experi¬ 
mental  break thro ugh  curves.  It  is  thought  that  the  results  may 
have  been  adversely  influenced  by  the  very  high  experimental  flow 
rates . 
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NOMENCLATURE 


A 


.in  Equations  [6]  and  [7] 


a  Amount  adsorbed,  (moles) 

B  Characteristic  constant  in  Equation  [l] 

C  Concentration,  (ng/1.)  , 

Cqn  Adsorbate  concentration  influent  to  a  bed  element.,  (ug/1.) 

Ceff  Adsorbate  concentration  effluent  from  a  bed  element,  (ug/1.) 

Co  Concentration  influent  to  an  adsorbent  bed,  (ug/1.) 

Cb  Concentration  effluent  from,  an  adsorbent  bed  at  time  tb,  (ug/1.) 

Co*  Influent  concentration,  ( moles/cm3 ) 

CC  Correlation  coefficient 

E  Rate  constant  in  Equation  [3],  (defined  by  Jy/dt  =  -K  In  y) 

Kv  Rate  constant  in  Equations  [5],  [6],  [?].  (Sec-1) 

L  Bed  length,  (cm) 

M  Molecular  weight 

P  Equilibrium  adsorbate  pressure 

PQ  Adsorbate  vapor  pressure 

Q  Capacity  of  adsorbent  as  defined  by  adsorption  isotherm:  equation, 

(gm/gm) 

T  Temperature,  (°K) 

Residence  time  of  air  carrier  in  adsorbent  bed  per  gm  carbon, 
(sec./gm  C) 

tb  Time  from  start  of  flow  run.  Time  at  which  effluent  concentrations 
is  Cb 

V  Superficial  volume  of  column  per  gm  carbon,  (cm3/gm) 

VI  Superficial  linear  velocity  of  air  carrier,  (cm/sec.) 
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V 


Molar  volume,  (cm  /rnoie) 

W  Volume  adsorbed  at  equilibrium  (g n/gm  Carbon)  in  liquation  [l] 

W3  On  of  carbon  per  bed  segment 

We  Equilibrium  amount  adsorbed  per  gm  carbon  at  concentration  CD 
(grr./gn  C) 

WG*  Equilibrium  amount  adsorbed  on  entire  bed  at  C0,  (gr. ) 

W0  Characteristic  constant  in  Equation  [l] 

y  Fractional  saturation  of  bed  segment  at  the  local  adsorbent 

concentration 

6  Affinity  coefficient 

P  Bulk  density  of  bed,  (grc/cra3) 
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3.  ABSTRACT 


Equilibrium  adsorption  isotherms  were  determined  experimentally  at  several  tempera¬ 
tures  for  C-B,  C-A,  and  GF  on  ^rt+rs burgh  BPL  activated  carbon  and  a  super  activated 
coconut  carbon.  Prediction  of  these  isotherms  using  experimental  DMMP,  CC1,.  and 
benzene  adsorption  data  and  the  Pclanyi-Dubinin  equation  was  not  too  successful 
because  the  data  were  not  linear  as  required  by  the  equation.  Reasonably  good 
isotherm  predictions  were,  however,  obtained  using  the  experimental  characteristic 
curves  for  DMMP  and  CC14  to  define  the  adsorptive  properties  of  the  adsorbents. 
Affinity  coefficients  were  determined  experimentally  since  those  calculated  from 
parachors  were  not  accurate.  The  physical  and  adsorptive  properties  of  an  activated 
carbon  impregnated  with  siioxane  resins  were  investigated.  Such  impregnation  caused 
a  large  loss  in  surface  area  and  adsorptive  capacity,  but  did  not  selectively  increase 
the  hydrophobic  properties  of  the  carbon.  Deposition  of  the  resin  apparently  tock 
place  principally  in  the  larger  pores  and  resulted  in  blockage  of  a  portion  of 
micropores.  Flow  adsorption  experiments  were  made  on  PPttsburgh  BPL  carbon  with  DMMP 
vapor  at  a  concentration  of  lOCh-ug/l  arid  at  a  velocity  of  90  cm/sec.  Breakthrough 
concentration  curves,  predicted  by  the  theoretical  methods  of  Wheeler  and  of  Allen  and 
Joyce,  did  not  accurately  correlate  with  the  experimental  points  possibly  because  of 
the  high  flow  rate  used. 
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